Despite the widespread use of stimulant medications for the treatment of attention deficit hyperactivity disorder, few studies have addressed their long-term effects on the developing brain or susceptibility to drug use in adolescence. Here, we determined the effects of chronic methylphenidate (MPH) treatment on brain dopamine (DA) systems, developmental milestones, and later vulnerability to substance abuse in juvenile nonhuman primates. Male rhesus monkeys (approximately 30 months old) were treated daily with either a sustained release formulation of MPH or placebo (N ¼ 8 per group). Doses were titrated to achieve initial drug blood serum levels within the therapeutic range in children and adjusted throughout the study to maintain target levels. Growth, including measures of crown-rump length and weight, was assessed before and after 1 year of treatment and after 3-5 months washout. In addition, positron emission tomography scans were performed to quantify binding availability of D2/D3 receptors and dopamine transporters (DATs). Distribution volume ratios were calculated to quantify binding of [
INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is the most commonly diagnosed psychiatric disorder of childhood and adolescence, affecting an estimated 7.8% of children ages 4-17 in the United States (Visser et al, 2007) . Stimulant medications including methylphenidate (MPH) and amphetamine have been the most frequently prescribed treatments for ADHD since their introduction in the 1960s, and their use has steadily increased over time (Swanson and Volkow, 2009) .
MPH acts at the dopamine transporter (DAT) to increase concentrations of extracellular dopamine (DA) in the mesocorticolimbic and mesostriatal systems by blocking reuptake (Schweri et al, 1985; Volkow et al, 1998) . Like cocaine and methamphetamine, there is evidence that MPH causes significant neuroadaptations within the DA system (Self, 2004; Wolf et al, 2004) . However, few studies have examined long-term consequences following chronic use of MPH in children and adolescents. Thus, one goal of this study was to characterize the changes in DAT and DA receptor function following 1 year of MPH treatment in juvenile nonhuman primates.
Although there is considerable evidence of the efficacy of stimulant medications in reducing the symptoms of ADHD, there are questions about the potential for adverse consequences accompanying chronic treatment. There is evidence for modest growth suppression (Safer et al, 1972; Zhang et al, 2010) , although this is far from consistent. Some studies of MPH-treated children have reported reduced growth curves for both height and weight compared with age-matched controls (Swanson et al, 2007) , whereas others reported no effects on growth (Biederman et al, 2010) . Thus, a second goal of this study was to characterize growth measures in juvenile monkeys treated with MPH and control animals.
One of the greatest concerns surrounding the use of stimulant medications in childhood is an increased risk of substance abuse in adolescence. Several studies of ADHD children have suggested that treatment does not increase (Biederman et al, 2008; Mannuzza et al, 2008; Molina et al, 2009) , or may even have a protective effect against the development of substance abuse disorder (Barkley et al, 2003; Biederman et al, 1999) . However, at least one study found some evidence for an increased risk of tobacco and cocaine use in adults treated as children (Lambert and Hartsough, 1998) .
As a result of the complex interactions among dosing regimens, diagnoses, duration of treatment, comorbidity, and so on in studies of children and adolescents with ADHD, there have been attempts to answer this question using animal models, almost exclusively in rodents. Although some studies have reported that MPH-treated animals are more susceptible to the rewarding effects of cocaine (Brandon et al, 2001) , other studies have documented reduced rates of cocaine self-administration (Thanos et al, 2007) , or less sensitivity to cocaine (Andersen et al, 2002; Carlezon et al, 2003) post-MPH treatment. The equivocal results may be due to differences in routes of administration, drug doses, drug formulations, and durations of treatment (Volkow and Insel, 2003) . The discrepancies underscore a major problem with developmental studies in rodents, which is the relatively short window of pre-and peri-adolescence/adolescence in this species.
Given the limitations of studies in rodents, this study employed juvenile nonhuman primates to measure the effects of chronic MPH administration. Nonhuman primates provide exceptional models for developmental research because they undergo relatively long childhood and adolescent periods, marked by hormonal and physiological maturation similar to humans (Bennett and Pierre, 2010) . In addition, nonhuman primates have close homology to humans in terms of neuroanatomy and neurochemistry of the DA system, as well as complex social and cognitive behavioral repertoires (Weerts et al, 2007) .
Recently, controlled-release formulations of MPH such as Concerta and Metadate CD have replaced immediate release, short-acting formulations such as Ritalin as the most commonly prescribed form of medication. In children, these formulations of MPH have been reported to be clinically effective for as long as 12 h after administration and obviate the need for repeated dosing throughout the day (Pelham et al, 2001; Swanson et al, 2004) . They make use of first-order drug delivery profiles to overcome the acute tolerance that occurs with immediate-release dosing and are designed to release an initial bolus followed by continuous dosing for approximately 6 h after administration (Swanson et al, 1999) . In order to best model current clinical practice, nonhuman primates in this study were treated with a controlled-release formulation of MPH at doses targeted to be within a clinically relevant range (Swanson and Volkow, 2003) .
Thus, the goals of this study were to evaluate the effects of chronic administration of a commonly used formulation of MPH on measures of DA function, growth, and vulnerability to the reinforcing effects of cocaine in juvenile nonhuman primates.
SUBJECTS AND METHODS

Subjects
Sixteen socially housed young male rhesus monkeys were studied in two cohorts (cohort ¼ 8; mean age 40.5 and 38.0 months at time of initiation of drug treatment). Each cohort was divided into two groups (N ¼ 4, housed as a unit): drug treated and vehicle treated. Groups were initially matched as closely as possible on baseline age and body weight. Monkeys were fed individually and maintained on a 200 kcal diet (Purina 5038) as prescribed for young animals at our primate center with ad libitum water. Diet amounts were calculated for each individual, remaining chow was weighed after each meal and chow amounts were adjusted as body weight increased. All animals were considered in the late juvenile/early adolescent stage of development at the start of the study based on a constellation of measurements including weight, crown-rump length, testis size, canine length, femur length, and abdominal and chest circumference (Bennett and Pierre, 2010) . Animals were trained to present their leg for conscious femoral venipuncture. Animal housing, handling, and experimental procedures were performed in accordance with the 2003 National Research Council Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research. Experimental protocols and environmental enrichment plans were approved by the Animal Care and Use Committee of Wake Forest University.
Phase 1: Drug Treatment, Developmental, and DA System Markers Drugs and dosing procedures. The contents of individual Metadate CD (generously provided by UCB, Smyrna, GA) capsules (20 mg) were suspended in 10 ml of pudding (Hunts Snack Pack, Con Agra Foods, NE). Control subjects received 10 ml of pudding only. Doses were chosen to approximate clinically relevant levels in children of 10-15 ng/ml blood serum (Swanson and Volkow, 2003) . All animals received one capsule (20 mg) initially, then each monkey's dose was adjusted to target serum levels. Serum levels were re-determined monthly and doses adjusted to account for weight gain and any changes in MPH levels. Blood was collected 1.5 h following dose consumption to target peak drug levels, centrifuged, serum fraction separated and frozen at À70 1C. Analysis was performed (Medtox Laboratories, MN) using gas chromatography. Preliminary studies showed that blood serum levels after the immediate-release phase were maintained during the 2-6 h extended release phase post-administration. For 1 h each morning monkeys were separated into individual quadrants of the home cage for feeding and dosing and then returned to their social groups. Monkeys voluntarily consumed drug or vehicle through a 60 ml syringe. After 1 h, each animal's chow was removed and weighed and then adjusted to accommodate a positive growth trajectory (NRC/NAS, 2003) . The amount of chow consumed did not differ between groups over the course of the study. This procedure was repeated daily for 12 months.
Morphometric measurements. Morphometric measurements were taken at baseline (2 weeks before initiation of drug administration), treatment (after 12 months of drug administration), and washout (3-5 months after cessation of treatment). Measurements were collected following anesthesia with ketamine hydrochloride (15 mg/kg, IM). Crown-rump length (cm) was measured using a 60 cm sliding caliper (Anthropometer Model 01290; Lafayette Instrument, Lafayette, IN) by measuring from the most distal part of the left ischial callosite to the top of the skull. Body mass index (BMI) was calculated as body weight/ crown-to-rump length.
Positron emission tomography (PET) imaging of DA D2/ D3 receptors and DATs. PET imaging studies to measure DA D2/D3 receptor and DAT availability were carried out at similar time points as the morphometric measures: baseline, treatment, and washout. Treatment measurements were made within 1 week following the cessation of treatment, and at least 24 h after final dosing to allow for drug clearance. Washout scans were performed 3-5 months later. At each time point, T1 weighted magnetic resonance imaging (MRI) scans were acquired on a 3.0T GE Scanner for co-registration and definition of regions of interest (ROIs).
Details of PET data acquisition procedures for both D2/ D3 receptors and DATs have been described previously (Czoty et al, 2007) . Briefly, monkeys were anesthetized with 10 mg/kg ketamine, intubated, and anesthesia maintained by 1.5% isoflurane. Once in the scanner, a venous catheter was inserted percutaneously for tracer injection. To quantify D2/D3 receptor availability, approximately 5 mCi of [
18 F]fluoroclebopride (FCP), a high-affinity D2/D3 ligand, was injected followed by 3 ml heparinized saline. On a second scanning day (separated by at least 1 week), approximately 5 mCi of [ To eliminate movement during the scan, a paralytic (0.07 mg/kg vercuronium Br, i.v.) was administered 15 min before the start of image acquisition. Respiration was maintained by a ventilator with supplemental doses administered as needed. Body temperature was maintained by a heating pad, fluids maintained by intravenous normal saline, and vital signs monitored throughout. At scan conclusion, animals received an injection of neostigmine (0.07 mg/kg) and glycopyrrolate (0.02 mg/kg) to reverse the paralytic effects. Once recovered, monkeys were returned to their home environments and monitored until normally behaving.
Image acquisition occurred on a GE Advance NXi PET Scanner (General Electric Systems, Milwaukee, WI) with an effective resolution of approximately 4 mm. Data were analyzed using PMOD software (PMOD, Zurich, Switzerland). ROIs were drawn on coronal sections in the ventral striatum, caudate nucleus, and putamen of each monkey's MRI at each time point. PET scans were manually coregistered to the corresponding MRIs and ROIs transferred to co-registered PET images. The dependent measure was the distribution volume ratio (DVR), defined as the distribution volume of the radiotracer in the ROI relative to the distribution volume of the radiotracer in a receptorless reference region (cerebellum). DVRs were determined by using the 'Logan method' of analysis as implemented in PMOD . DVRs were calculated for bilateral caudate nucleus, putamen, and ventral striatum for each PET scan.
Statistical analysis. Morphometric data (body weight, crown-rump length, and BMI) and PET data (D2-like receptor and DAT DVRs) were analyzed by means of a two-way analysis of variance (ANOVA) (treatment grouptime point; time as a repeated measure), followed by posthoc comparisons (Tukey tests) where appropriate. In all cases, po0.05 was considered statistically significant.
Phase 2: Cocaine Self-Administration
After completion of phase 1 testing, monkeys were individually housed with visual and auditory contact with each other, fitted with aluminum collars (Primate Products, Redwood City, CA) and trained to sit calmly in a primate chair (Primate Products). Monkeys were weighed weekly and fed enough food daily (Purina Monkey Chow and fresh fruit and vegetables) to accommodate normative growth (NRC/NAS, 2003) while maintaining food-based responding. Water was available ad libitum.
Surgery. Under sterile conditions, each monkey was prepared with a chronic indwelling venous catheter, implanted in the femoral or jugular vein. The distal end of the catheter was attached to a subcutaneous vascular port (Access Technologies, Skokie, IL), as described previously (Czoty et al, 2005) . Each port and catheter was filled with heparinized saline solution (100 units/ml) after every experimental session to prolong catheter patency. Before each self-administration session, the animal's back was cleaned with chlorhexidine acetate solution and 95% EtOH and the port was connected to the infusion pump via a 22-gauge Huber Point Needle (Access Technologies). Before starting the session, the pump was operated for approximately 3 s to fill the port and catheter line with the dose of cocaine available for that session.
Apparatus. The apparatus was a ventilated, sound-attenuating chamber (1.5 Â 0.74 Â 0.76 m; Med Associates, East Fairfield, VT) consisting of two photo-optic switches (Model 117-1007; Stewart Ergonomics, Furlong, PA) on one side with a horizontal row of three stimulus lights positioned above each switch. A food receptacle between the switches was connected to a pellet dispenser (Med Associates) for delivery of 1-g banana-flavored food pellets (Bio-Serv, Frenchtown, NJ). An infusion pump (Cole-Palmer, Chicago, IL), which delivered solutions at a rate of approximately 1.5 ml/10 s, was located on the top of the chamber.
Procedure. Monkeys were trained to respond on the left or right response switch, under a fixed-ratio (FR) 30 schedule of reinforcement in which a food pellet was delivered after the 30th response, followed by a 10 s timeout. Sessions ended after 15 or 30 reinforcers (depending on the monkey) or 60 min, whichever occurred first. After catheter implantation, food-maintained responding was re-established and, when stable (o20% variability over three consecutive sessions with no trends in responding), saline was substituted for food pellets for at least five consecutive sessions and until responding declined by at least 80% of food-reinforced responding for three consecutive sessions with no trends in responding. The total number of sessions needed to meet this criterion is presented (Table 2 ). Next, food-maintained responding was re-established and then different doses of cocaine HCl (National Institute on Drug Abuse, Bethesda, MD, dissolved in sterile 0.9% saline) were substituted for the food pellets in ascending order from 0.001 mg/kg per injection, increasing in half log units to 0.1 mg/kg per injection. For cocaine substitution studies, sessions ended after 30 injections or 60 min, whichever occurred first. Each dose was available for at least five consecutive sessions until responding was deemed stable (response rate mean ±20% with no trends for three consecutive sessions). There was a return to food-reinforced responding for at least three sessions before the next cocaine dose was tested, until the cocaine dose-response curve had been generated.
Statistical analysis.
To assess acquisition of cocaine reinforcement, a cocaine dose was operationally defined as reinforcing by using two-tailed t-tests comparing 3-day mean response rates for a given dose of cocaine to mean response rates when saline was available. Survival curves were generated and the number of monkeys that acquired at each cocaine dose was compared for both groups of monkeys. Mean response rates (responses per second) and total cocaine intake (mg/kg per session) were calculated and dose-response curves were compared between groups using repeatedmeasures ANOVA, followed by post-hoc analysis (Tukey test). In all cases, po0.05 was considered statistically significant.
RESULTS
Serum Concentrations
Initial MPH doses were 20-40 mg (average ¼ 5.9 ± 1.2 mg/kg (mean±SD)) with serum levels averaging 10.73±1.10 ng/ml (mean±SD). Over the course of the 12-month treatment period, dose increases resulted in final doses of 60 mg in six animals and 20 and 120 mg in the other two (average ¼ 6.8±1.7 mg/kg (mean±SD)) and final serum levels of 13.623 ± 1.15 ng/ml (mean ± SD). There was no relationship between serum levels or doses and changes in growth or DA markers. indicating that the monkeys were growing over the study period (Figure 1 ). There were no significant effects of drug treatment on any measure (weight: F 1, 14 ¼ 0.027; crown-torump: F 1, 14 ¼ 0.035; BMI: F 1, 14 ¼ 0.09), indicating that control and MPH-treated animals were growing at similar rates. Finally, the interaction of treatment with time was not significant for any measure.
PET Measurements: D2-Like Receptor Availability
Two-way repeated-measures ANOVAs confirmed significant main effects of time in the caudate nucleus, putamen, and ventral striatum (Caud: F 2, 28 ¼ 14.70, po0.001; Put: F 2, 28 ¼ 27.59, po0.001; VS: F 2, 28 ¼ 12.69; po0.001), indicating that D2/D3 receptor availability decreased from baseline through treatment and washout (Figures 2 and 3 ). There were no significant main effects of drug treatment in any of the brain regions (Caud: F 1, 14 ¼ 0.032; Put: F 1, 14 ¼ 0.024; VS: F 1, 14 ¼ 0.042). This is illustrated in Figure 3 , which depicts a representative animal from both the control-and MPH-treated groups at baseline and treatment time points. Both animals had reduced D2/ D3 receptor availability after treatment, but did not differ from each other.
There was a significant interaction between drug and time in the putamen (F 2, 28 ¼ 4.32, po0.05; Figure 2 ). Post-hoc t-tests on the absolute value of the DVRs between treatment and control groups were not significant. However, there was a significant difference between control-and MPH-treated animals in the magnitude of the change in DVR (calculated as washout DVR-treatment DVR) between the treatment and washout time points in the putamen (t 14 ¼ 3.11; po0.01). This suggests that, over the course of washout, D2/D3 receptor availability in the putamen of MPH-treated monkeys did not continue to decrease at the same rate as in control monkeys.
DAT Availability
As washout scans could not be completed for cohort 2 because of unavailability of the ligand, results are presented for cohort 1 for three time points (baseline, treatment, and washout) and for both cohorts for two time points (baseline and treatment). In cohort 1, a two-way repeated-measures ANOVA (time Â drug condition) was run on DVRs measured in the caudate nucleus, putamen, and ventral striatum. There were no significant main effects of time (Caud: F 2, 10 ¼ 0.118; Put: F 2, 10 ¼ 0.645; VS: F 2, 10 ¼ 1.643) or drug condition (Caud: F 1, 5 ¼ 0.324; Put: F 1, 5 ¼ 0.005; VS: F 1, 5 ¼ 0.494) in any brain region and no significant interactions (Table 1) . A second ANOVA (time Â drug condition) was performed to examine DAT availability in both cohorts, excluding the washout scans. There were again no significant effects of time (Caud: F 1, 13 ¼ 2.675; Put: F 1, 13 ¼ 0.054; VS: F 1, 13 ¼ 1.013) or drug condition (Caud: F 1, 13 ¼ 0.669; Put: F 1, 13 ¼ 0.016; VS: F 1, 13 ¼ 0.289) in any brain region and no significant interactions. Thus, DAT availability did not change over the course of development during the study and was not affected by chronic MPH treatment.
Self-Administration
There were no differences in baseline rates of food-reinforced responding between MPH-and control-treated monkeys (Table 2) . After surgery and return to stable Figure 1 Standard measures of growth, weight, crown-to-rump length and body mass index (BMI), were measured at baseline, after 12 months of treatment, and after 3-5 months of drug washout. Animals in both control and MPH treatment groups showed normal gains in weight and length over the study period. No differences were observed between groups. Insets depict the absolute change in weight, crown-rump length, and BMI between baseline and treatment and treatment and washout time points.
Figure 2 Dopamine D2/D3 receptor availability as measured by [
18 F]FCP in MPH-treated and control monkeys in the caudate nucleus, putamen, and ventral striatal regions. Relative distribution volume ratios (mean ± SEM) show no differences in D2/D3 receptor availability between control-and MPH-treated animals. However, a significant decrease in D2/ D3 receptor availability from baseline to the end of the treatment period was found in all three regions (po0.05). Insets depict the absolute change in distribution volume ratio (DVR) values between baseline and treatment and treatment and washout time points.
food-reinforced responding, saline was substituted for food presentation. There were no differences in the number of sessions required for responding to extinguish between MPH-and control-treated monkeys (Table 2) . After a return to food-reinforced responding, acquisition of cocaine reinforcement was examined using ascending doses of cocaine, beginning with 0.001 mg/kg. There were no differences in the number of monkeys that acquired cocaine reinforcement at each dose of cocaine between MPH-and control-treated monkeys (Figure 4a ). Complete cocaine dose-response curves showed that, for both MPH-and control-treated monkeys, response rates (F 5, 70 ¼ 4.30; po0.01) and cocaine intake (F 4, 56 ¼ 58.11; po0.0001) varied significantly as a function of cocaine dose (Figures  4b and c) . Response rates were characterized as an inverted U-shaped function of dose (Figure 4b ). There was not a significant main effect of treatment (MPH vs control). Cocaine intake increased monotonically as a function of dose in all monkeys and was not different in MPH-and control-treated monkeys (Figure 4c ).
DISCUSSION
The results of this study show that prolonged treatment with therapeutic-level doses of an extended release formulation of MPH does not have a significant influence on physical growth or on the development of DA D2/D3 receptors or DAT in a nonhuman primate model. In addition, MPH treatment did not increase vulnerability to the reinforcing effects of cocaine when tested after the cessation of drug treatment in adolescence. These findings Ventral striatum 2.29 ± 0.15 2.27 ± 0.11 2.11 ± 0.25 2.49 ± 0.16 2.31 ± 0.14 2.14 ± 0.22 a Data represent distribution volume ratios expressed as means ± SEM. Dopamine transporter availability was measured before drug or vehicle treatment, after 12 months of treatment and 3-5 months after treatment cessation. One MPHtreated animal was removed from analysis because of a technical error during the baseline scan. Data represent the mean±SD of the last three sessions of food-reinforced responding before saline substitution.
directly address the impact of stimulant medication on three major areas of concern that have been identified in clinical studies of children treated for ADHD: physical growth, DA system development, and future vulnerability to substance abuse. The results of this investigation provide support for the hypothesis that the use of MPH for the treatment of childhood ADHD does not lead to long-term adverse developmental, neurobiological, or behavioral consequences over the course of treatment or later in adolescence.
There are several important features of this study. First, nonhuman primates provide exceptional models for developmental research because they undergo relatively long childhood and adolescent periods marked by hormonal and physiological maturation, as well as the development of complex social behavior and cognitive abilities that are similar to humans. Nonhuman primates in this study were between 37 and 54 months of age during MPH treatment, corresponding to approximately 9-13 years of age in children (Knickmeyer et al, 2010) , well within the range at which treatment is often initiated in children. Another important feature was the use of an extended release formulation of MPH. The main advantage of these formulations is that they contain an immediate-release dose intended to act as an initial bolus and extended MPH release designed to maintain plasma concentrations for up to 6 h (Patrick et al, 2005) , circumventing the need for multiple doses over the course of the day. The use of the extended release formulation, the most commonly prescribed form of MPH, provides greater translational value to clinical practice.
Growth
In the present investigation of juvenile/adolescent nonhuman primates, there were no significant effects of extended release MPH treatment on measures of growth. Similarly, there were no differences between groups in total food consumption. In clinical literature, there has been considerable debate about the effects of stimulant therapy on growth rates. There have been reports of the suppression of the normal trajectory of height and weight gain with stimulant treatment (Safer et al, 1972; Zhang et al, 2010) . A recent large multicenter study of the effects of extended release formulations of MPH reported significant suppression of growth rates for both height and weight over a 2-year treatment period, persisting over a 3-year follow-up (Swanson et al, 2007) . However, other reports suggest that these effects on growth may attenuate over time and that final adult height is not impacted (Rapoport and InoffGermain, 2002) . Another recent study with longer follow-up times reported no significant drug effects of growth (Biederman et al, 2010) , consistent with an absence of effects in adulthood. In this study, the absence of any growth suppression may be due to the timing of treatment with respect to the periods of rapid growth. Environmental conditions that suppress growth may not have long-term consequences (Tanner, 1986) when growth rebound occurs after the precipitating condition is removed. It is possible that the washout period obscured any growth effects that would have emerged with continued treatment. Another possible reason for the absence of significant growth suppression was the treatment dose, as dose adjustment has been reported to rectify suppression in some children (Rapoport and Inoff-Germain, 2002 ). Higher doses may have resulted in more profound effects. Further investigation of the role of dose and duration of treatment is certainly warranted.
DA D2/D3 Receptors and DATs
As with growth, there was no overall effect of MPH on D2/ D3 receptor availability or DAT availability in striatal brain regions as measured by PET with [
18 F]FCP and [ 18 F]FCT, respectively. Although there were no differences in D2/D3 receptor availability between groups, there was a decrease in binding over time within the entire striatum. This decline in D2/D3 receptor availability during this developmental stage is well documented in humans (Meng et al, 1999; Seeman et al, 1987) and rats (Teicher et al, 1995) and is thought to be an effect of synaptic pruning. In a large post-mortem study, Seeman et al (1987) reported peak levels of D2/D3 receptor density at 5 years of age, followed by a sharp decline into early adolescence (14 years), and a gradual decrease throughout life. The ages of the monkeys in this study correspond well with the time period in human development of the steepest decline in striatal D2/D3 receptors.
Unlike the D2/D3 receptor family, there was no effect of development on the DAT, despite the fact that numerous studies have documented declines in DAT expression with age in primates and rodents (Hebert et al, 1999; Ma et al, 1999; Volkow et al, 1996) . However, the decline in DAT seems to begin later in life than the decline in D2/D3 receptors . In human post-mortem tissue, DAT expression in the basal ganglia peaked during adolescence (14-15 years), then slowly declined (Meng et al, 1999) . The developmental window in this study was likely too early to detect the eventual decline in DAT density.
MPH did not alter the normal course of DA system development in our study sample. These results are in contrast to rodent studies that have shown effects of MPH on both D2/D3 receptors and DAT measures in the striatum. In rats, oral doses of MPH reportedly decrease D2/D3 receptor availability after 2 months, and increase availability after 8 months (Thanos et al, 2007) , whereas other studies have reported sustained decreases in DAT density after chronic treatment (Izenwasser et al, 1999; Moll et al, 2001; Simchon et al, 2010) . Interestingly, one study reported decreases in DAT density with twice-a-day injection of MPH, but not with sustained release via osmotic mini-pump (Izenwasser et al, 1999) , highlighting the importance of the drug's pharmacokinetics and the use of the controlled-release formulation. Thus, discrepancies between the results of the rodent models and the nonhuman primate model presented here could be due to differences in dosing regimens and pharmacokinetic profiles of the drug in the different species. Previous studies document intravenous MPH half-life in rats between 25 min (Gal and Ames, 1977) and 105 min (Segal et al, 1976) , whereas halflife in nonhuman primates has been reported to be 2.8 h (Wargin et al, 1983) , although no recent studies directly compare the two species. The age of the animal at the time of treatment and the duration of treatment may also explain the inconsistent results. The peri-adolescent/adolescent period in a rodent is brief and difficult to target, yet studies in adult rodents miss the critical window of development during which this drug is most commonly administered.
Despite finding no overall effect of MPH on D2/D3 receptor availability, there was a significant interaction between drug and time. On further analyses, the MPHtreated animals had unchanged D2/D3 receptor availability after washout, whereas the control animals had continued to decrease. Although the absolute levels of radiotracer binding were not significantly different between groups at washout, the magnitude of the change between treatment and washout time points in the putamen did differ significantly between MPH-and control-treated animals. Similar trends were seen in the ventral striatum and caudate. These data indicate that, in the MPH-treated animals, there was a change in the trajectory of development to adult levels, which may suggest an interruption of the normal reduction of D2/D3 receptor concentration over time. As D2/D3 receptor availability is regularly associated with vulnerability to drugs of abuse (Dalley et al, 2007; Nader et al, 2006; Volkow et al, 1999) , differences in this system may be important for understanding vulnerability to substance abuse after treatment for ADHD. Further investigation is needed to determine if this effect persists after extended periods of abstinence from MPH.
Cocaine Reinforcement
In contrast to the present results showing no differences in rates of acquisition to cocaine reinforcement, there have been several preclinical studies demonstrating that MPH treatment enhanced the reinforcing effects of cocaine (Crawford et al, 2011; Harvey et al, 2011; Schenk and Izenwasser, 2002) . There are several reasons for the discrepant results, but perhaps most relevant is the dose of cocaine initially made available to the animals. In these three studies, rats were initially exposed to relatively high cocaine doses (0.25-0.75 mg/kg), whereas this study began with doses well-below reinforcing doses. In this study, acquisition of reinforcement was operationally defined as response rates higher than when responding resulted in saline injections, whereas most other studies consider acquisition of a performance level (eg, the dose in which the animal receives 30 injections). Although we did not see differences in response rates across a wide range of cocaine doses, it is possible that if we had simply started with high doses, group differences would have emerged. Our current results support the observation that MPH treatment does not make adolescents more vulnerable to the reinforcing effects of cocaine.
These data in nonhuman primates support recent findings that have shown no increase in the rates of substance abuse among adults and adolescents treated as children with stimulant medications for ADHD. Although there is a strong association between a diagnosis of ADHD and higher rates of substance abuse in adolescent and adults (Biederman et al, 1998; Gittelman et al, 1985; Mannuzza et al, 1998; Milberger et al, 1997; Molina et al, 2009; Wilson and Levin, 2005) , treatment itself does not necessarily appear to increase the likelihood of drug use in adolescence and/or adulthood. Among young adults treated as children or currently in treatment, rates of drug, alcohol, or nicotine abuse have been reported to not be significantly different from rates in a sample of healthy untreated controls (Biederman et al, 2008; Mannuzza et al, 2008) . In these studies, there was some suggestion that the earlier treatment is initiated the smaller the likelihood of substance abuse in young adulthood. Although this study cannot directly address this issue, as there was only a limited range of ages tested, this is potentially an important avenue for future investigations.
Limitations
The study is limited by a relatively small sample size, making it difficult to fully evaluate some variables. Trends suggesting that MPH treatment may have influenced some growth measures might have reached significance with larger numbers of animals, for example. Another consideration is that although all animals received doses of MPH designed to maintain serum levels within an effective therapeutic range in children, the doses required to achieve these levels were significantly higher on a mg/kg basis than those in children. This may be due to higher rates of drug metabolism in nonhuman primates than in children (Wargin et al, 1983) . In addition, because cognitive and/or attentional outcomes were not measured in this study, it cannot be determined if these doses in nonhuman primates are sufficient to alter behavior as intended for treatment of ADHD in children. It is possible that even higher doses might be necessary to produce an effect in nonhuman primates, which would result in significant changes in behavior and potentially DA receptor availability and developmental measures. However, the dose range used in this study produced serum levels in some cases that would be considered on the high end of the therapeutic range in humans. The timing of treatment is also an important factor to consider. Although our animals were treated at a common relative age for a child to begin treatment, there is evidence that younger animals are less sensitive to the effects (behavioral) of MPH than older animals, which may be related to the developmental stage of the DA system at time of exposure (Rodriguez et al, 2010) . It is certainly possible, therefore, that treating our animals at a different age or for a different duration would have altered our results. A broader range of doses, a wider age range at the initiation of treatment, and variable durations of treatment should be considered in the future. For the self-administration studies, it remains possible that using a different acquisition paradigm may have produced different results.
Finally, when interpreting the results of this study, it is critical to acknowledge that we did not employ a nonhuman primate model of ADHD. The animals treated in this study were 'normal' and thus cannot be easily compared with studies in children or adults with ADHD. This fact may explain the discrepancy between our results and recent results in a study of ADHD adults in which 1 year of treatment resulted in significantly decreased D2/D3 receptor availability as measured by PET (Volkow et al, 2012 ). An improved understanding of the underlying dopaminergic pathophysiology of ADHD and the development of a reliable model of ADHD in nonhuman primates would be invaluable in future studies of long-term prescription stimulant treatments.
CONCLUSION
The current findings show that long-term administration of MPH to juvenile nonhuman primates produced no significant alteration in the regulation of the DA systems as measured with PET, or significantly altered growth. These data support the hypothesis that MPH administered in formulations used therapeutically in children does not have obvious long-term effects. In addition, there was no evidence for an increased vulnerability to the reinforcing effects of cocaine in adolescence as a result of MPH treatment. The absence of any significant long-term developmental, neurobiological, or behavioral consequences provides further support that the use of these medications to treat ADHD will not negatively impact children either during or after treatment.
